We report the first microstructural confirmation of circumstellar magnetite, identified in a petrographic thin section of the LaPaz Icefield 031117 CO3.0 chondrite. The O-isotopic composition of the grain indicates an origin in a low-mass (∼2.2 M e ), approximately solar metallicity red/asymptotic giant branch (RGB/AGB) star undergoing first dredge-up. The magnetite is a single crystal measuring 750 × 670 nm, is free of defects, and is stoichiometric Fe 3 O 4 . We hypothesize that the magnetite formed via oxidation of previously condensed Fe dust within the circumstellar envelope of its progenitor star. Using an empirically derived rate constant for this reaction, we calculate that such oxidation could have occurred over timescales ranging from approximately ∼9000-500,000 years. This timescale is within the lifetime of estimates for dust condensation within RGB/AGB stars.
INTRODUCTION
Refractory dust grains formed during the dying stages of ancient stars were injected into the local part of our galaxy where our solar system formed over 4.5 billion years ago. Such presolar circumstellar materials were incorporated into primitive meteorites, the physical relics leftover from our solar system's birth. Locked up within their crystal chemistry and structure are snapshots of the state of the stars when the circumstellar grains condensed. Probing these materials can provide ground-truth information on nucleosynthetic processes that occurred in their parent stars, the thermodynamics that took place in the circumstellar envelopes (CSE) from which they condensed, transport and irradiation processes within the interstellar medium, and secondary processes that could have affected them during solar system evolution (e.g., Zinner 2014).
Many types of circumstellar grains have been identified since their discovery over 25 years ago. These include: C-bearing materials such as graphitic C, SiC, and nanometer-sized grains of diamond (Bernatowicz et al. 1987; Lewis et al. 1987; Amari et al. 1990 ); silicates such as Mg, Fe-bearing glasses, pure silica, pyroxene and olivine; several types of oxides such as corundum, hibonite, spinel, Fe-, Mg-, Al-, and Ti-rich oxides (Nittler 1997; Nittler et al. 1997 Nittler et al. , 1998 Choi et al. 1999; Messenger et al. 2003 Messenger et al. , 2005 Zinner et al. 2003 Zinner et al. , 2005 Mostefaoui & Hoppe 2004; Nguyen & Zinner 2004; Vollmer et al. 2007 Vollmer et al. , 2009 Vollmer et al. , 2013 Floss et al. 2008; Floss & Stadermann 2009 Bose et al. 2010 Bose et al. , 2012 Gyngard et al. 2010; Keller & Messenger 2011; Zega et al. 2011 Zega et al. , 2014 Leitner et al. 2012; Haenecour et al. 2013b) ; and exotic materials such as Si 3 N 4 (Alexander 1993; Nittler et al. 1995; Hoppe et al. 1996; Nittler 2003; Stroud et al. 2006) . In general, the abundances of such materials vary according to the history of the meteorite in which they are found, i.e., whether the meteorite experienced secondary effects such as heating or aqueous-phase processing or whether it escaped such processing and remained relatively pristine since its accretion in the early solar system. Estimates place nanodiamonds as the most abundant (but least understood) presolar-grain type, followed by silicates, SiC, spinel, graphite, corundum, Si 3 N 4 , and other materials (Mostefaoui & Hoppe 2004; Nguyen et al. 2007; Floss & Stadermann 2009; Vollmer et al. 2009; Zinner 2014 and references therein).
Presolar oxide grains, while not as abundant as presolar silicates or SiC, are nonetheless important. Calculations predict oxide formation in the outflows of AGB stars and in the condensation sequence of our solar system (Yoneda & Grossman 1995; Gail & Sedylmayr 1999; Ebel & Grossman 2000; Lodders 2003) . It has been suggested that oxide dust grains such as corundum and/or spinel may be responsible for the 13 μm emission feature of IR spectra of O-rich AGB stars (Onaka et al. 1989; Kozasa & Sogawa 1997; Posch et al. 1999; Speck et al. 2000) , and comparison of remotely sensed infrared and laboratory-based spectra suggests that the oxide hibonite (CaAl 12 O 19 ) may occur in planetary nebulae (Hofmeister et al. 2004) .
Over 700 presolar oxide grains have thus far been identified (Presolar Grain Database, Hynes & Gyngard 2009 ) and elemental compositions are known for most of these. Such grains include aluminum oxide (Al 2 O 3 , corundum in some cases) hibonite, Mg-Al and Fe-Cr-rich spinel, wüstite/ magnesiowüstite (FeO), Ti-oxide, and TiO 2 , and have provided insight into nucleosynthetic processes for red/asymptotic giant branch (RGB/AGB) stars, supernovae, and galactic chemical evolution (Nittler 1997; Zinner et al. 2005; Floss et al. 2008; Bose et al. 2010 Bose et al. , 2012 Nittler & Gaidos 2012; Zinner 2014) . Crystal chemical and structural investigation of these materials unequivocally confirms their mineralogical identity and can provide complementary information on circumstellar thermodynamics, interstellar transport, and solar-system evolution. However, mineralogical analysis of presolar grains lags far behind the isotopic analyses due to the small sizes (nm to μm) of many of these grains and the complexity of extracting them from acid-resistant residues or petrographic thin sections for detailed microstructural analysis. Over the past decade, the number of grains for which coordinated isotopic and mineralogical data sets have been acquired has steadily increased due to the viability of focused-ion-beam scanning-electron microscopy (FIB-SEM) as a tool for presolar grain research (Stroud et al. 2004; Nguyen et al. 2007; Vollmer et al. 2007 Vollmer et al. , 2009 Zega et al. 2007; Bose et al. 2012; Leitner et al. 2012 Deer et al. 1992 for a discussion of spinel structure and crystal chemistry). Magnetite occurs in the matrices, chondrules, and fine-grained rims of primitive meteorites and exhibits a wide range of morphologies (Jedwab 1967; Kerridge 1970; Kerridge et al. 1979; Hyman et al. 1985; Brearley 1993; Buseck & Hua 1993; Choi et al. 1997; Krot et al. 1997; Hua & Buseck 1998 ). Though not a predicted condensate in the early solar nebula, it is hypothesized to form as an oxidation product of Fe metal (Yoneda & Grossman 1995; Hong & Fegley 1998; Ebel & Grossman 2000; Lodders 2003 ) and through aqueousphase reactions on meteorite parent bodies (Kerridge 1970; Kerridge et al. 1979; Hyman et al. 1985; Krot et al. 1997; Hua & Buseck 1998) .
SAMPLES AND METHODS
LaPaz Icefield 031117 (LAP 031117) is a type 3.0 CO chondrite that contains abundant presolar grains in its matrix and in fine-grained rims around chondrules (Haenecour & Floss 2012 . A petrographic thin section of the meteorite, obtained from the curatorial facility at NASA Johnson Space Center, was examined with the Washington University NanoSIMS 50 to search for presolar grains. Carbon and O raster ion imaging was carried out on matrix-rich areas of the meteorite, following standard procedures (Floss & Stadermann 2009) .
From among the O-rich presolar grains identified by Haenecour & Floss (2012 , we selected grain LAP-103 measuring ∼550 × 700 nm, for detailed structural and chemical analysis with transmission electron microscopy (TEM). We used the Auger Nanoprobe at Washington University to acquire Auger elemental distribution maps of the grain. We then prepared an electron-transparent cross section of the grain using an FEI Nova 200 dual beam FIB-SEM located at Arizona State University. Our general approach is similar to methods that we have used previously for small (hundreds of nm) grains (Stroud et al. 2004; Nguyen et al. 2007; Zega et al. 2007 Zega et al. , 2011 Zega et al. , 2014 Bose et al. 2010) , i.e., deposition of protective Pt and/or C straps (to mitigate ion implantation and radiation damage during ion milling) on top of the hotspot, cross sectioning, extraction, and in situ thinning. However, given the fact that grain LAP-103 occurs in situ with other matrix grains in LAP 031117, we took extra measures to mark its position in order to assist us in preparation of the section as well as identification of the end point during in situ thinning. Thus, we used the electron beam to deposit a Pt strap on top of the area identified as the grain. The rectangular-shaped strap (approximately 515 nm wide × 597 nm long) was oriented to transect the longest dimension of the grain, and extended to matrix material a few nm outside of the hotspot. After the initial strap of Pt was deposited, we used the Ga + ion beam to deposit a larger (12.5 μm long × 1 μm wide × 1.5 μm thick) strap of C on top of the initial markers. The use of the electron beam to deposit Pt provides an initial thin protective coating prior to exposing the area to the ion beam for final strap deposition and milling.
The FIB section was examined using a 200 keV JEOL 2200FS TEM at the Naval Research Laboratory (Washington, DC). The 2200FS is equipped with an energy-dispersive X-ray spectrometer (EDS) and bright-field (BF) and dark-field (DF) scanning TEM (STEM) detectors. The DF images were acquired using 80 and 175 mrad collection semi-angles, the contrast of which follows a Z 1.5 to Z 2 dependency that we have confirmed previously for this microscope (Zega et al. 2006 ). The grain composition was measured and quantified from a spectrum image acquired using a ThermoElectron Si(Li) EDS detector. The illumination conditions were adjusted to optimize counting statistics (high count rate, minimize beam damage, spectrometer dead time ⩽30%) and included a 0.7 nm probe, 50 μs dwell time, and a total integration time of 10 minutes, which generated over 24,000 total counts. We used a standardless quantification of the spectrum image based on a Cliff-Lorimer thin-film matrix correction and Gaussian peak fits. The accuracy of the software k-factor for Fe was verified previously using San Carlos Olivine (Zega et al. 2011 ). The quality of the peak fitting was verified using simulated spectra and analysis of the residual intensity after subtraction using the SpectraCheck feature in Noran System Six software. The quality of the standardless quantification was based on reduced chi-squared values. Mineral stoichiometry was determined assuming the grain is an oxide with Fe in a mixed valence state as Fe 3 O 4 and four O atoms per formula unit. The EDS detection limit is estimated at ⩽0.1 wt% and the error is based on counting statistics.
Grain structure was determined using selected-area electrondiffraction (SAED) patterns. All SAED patterns were measured both manually (using Adobe Photoshop) and with the Crystallographic Image Processing Software Package (CRISP, Hovmöller 1992) based on calibrated camera constants. Indexing of the diffraction patterns was based on the cubic magnetite structure and lattice constant, and verified with simulated patterns that were calculated with the CrystalMaker software package. (Figure 1) Haenecour et al. 2013a ), which places it within the Group 1 field, as originally defined by Nittler (1997) . Auger elemental distribution maps indicate that grain LAP-103 consists only of Fe and O (Figure 2) . Secondary electron images of the area containing LAP-103 reveal several coarse (μm) grains set within a porous finegrained (<1 μm) matrix (Figure 3) . Although the matrices of petrologic type-3 chondrites can be inherently porous, the porosity that occurs on the surface (Figure 3(a) ) is likely a result of the ion-raster imaging from the SIMS analysis. Two isotopically anomalous regions (LAP-103 and LAP-104, the latter of which will be the subject of a future paper) occur within this local area of the sample, and we deposited Pt fiducial markers (see methods above) on them to locate and place the position of the protective carbon strap prior to ion milling (Figure 3(b) ).
RESULTS

NanoSIMS raster ion imaging
TEM imaging shows the localized area corresponding to O-isotopic anomaly LAP-103, just below the Pt cap deposited as a fiducial marker (see the methods section above) prior to ion-beam milling (Figure 4) . The area beneath the Pt marker contains a triangular-shaped grain, with subhedral to anhedral morphology, measuring approximately 750 nm × 670 nm in orthogonal dimensions (Figure 4) . SAED patterns acquired across LAP-103 show that it is a single crystal ( Figure 5) and measurements of the patterns are consistent with and indexed to the magnetite spinel structure. X-ray spectrum imaging shows that the grain contains only Fe and O ( Figure 6 ) and quantification gives stoichiometric Fe 3 O 4 (42.86 ± 0.29 at% Fe; 57.14 at% O), corroborating the SAED data. LAP-103 is surrounded by coarse (μm-sized) grains and resides on top of a locally porous network composed mostly of nanocrystalline Mg silicates (Figure 6 ). The grain does not show any obvious sign of surface amorphization or alteration rims, and appears to be free of defects. The HAADF image shows localized contrast variations in the grain that EDS mapping confirms are due to the re-deposition of Pt during ion-beam milling (Figure 6 ).
DISCUSSION
The TEM data unambiguously identify LAP-103 as a single crystal of magnetite (cf., Figures 5 and 6 ). The majority of presolar oxide grains for which there are structural data are single crystals, however polycrystalline and amorphous grains have been reported. For example, Stroud et al. (2004) reported on two Al 2 O 3 grains that condensed in the CSEs around AGB stars. TEM analysis showed that one grain is corundum, whereas the other is amorphous Al 2 O 3 , and they concluded that AGB stars can condense corundum directly without more refractory (e.g., TiO 2 ) nucleation seeds. More recently, Takigawa et al. (2014a Takigawa et al. ( , 2014b ) measured several presolar Al 2 O 3 grains and reported that although most are single crystals some contain titanium oxide subgrains likely formed by exsolution. In comparison, Zega et al. (2011) reported on five presolar hibonite (nominally CaAl 12 O 19 ) grains, four of which condensed in the circumstellar environments around RGB/ AGB stars and one that condensed in the ejecta of a Type II supernova. SAED patterns of all five grains show that they are single crystals with minor orientation spreads across the grains and little to no defects. The single-crystal nature and stoichiometric compositions of these hibonite grains were inferred to be generally consistent with theoretical predictions for condensation, suggesting condensation temperatures between 1480 and 1743 K, assuming total gas pressures between 1 × 10 −6 and 1 × 10 −3 atm. In a separate study, Zega et al. (2014) reported on the microstructural properties of four presolar spinel grains whose isotopic compositions indicate origins in low-mass O-rich AGB stars. Three of the grains are single crystal Mg-Al-rich spinels containing minor Fe and Cr, whereas the fourth spinel consists of a polycrystalline assemble of three Fe-Cr rich grains with closely aligned crystallographic orientation but systematically varied cation composition. As with the hibonite grains discussed above, the properties of single-crystal, stoichiometric, nearly pure Mg-Al spinels were inferred to be generally consistent with equilibrium condensation predictions, suggesting condensation temperatures between 1161 and 1221 K, assuming total gas pressures between 1 × 10 −6 and 1 × 10 −3 atm, whereas the Fe-Cr-rich spinels are inconsistent with such predictions and suggest a complex cooling history. The microstructural data sets for presolar oxide grains, although limited, seem to suggest that condensation of single-crystal stoichiometric grains is common in the CSEs of RGB/AGB stars. Similar studies on silicate stardust show more diversity, including amorphous and/or polycrystalline assemblages of widely varying composition, in addition to stoichiometric single crystals (e.g., Messenger et al. 2005; Vollmer et al. 2007 Vollmer et al. , 2009 Busemann et al. 2009; Nguyen et al. 2010) . The LAP-103 magnetite grain reported herein seems to be generally consistent with the trend so far observed for presolar oxides, i.e., it is a stoichiometric single crystal. However, the origin of magnetite, so far as we understand it from the meteoritic record, is somewhat controversial.
Magnetite has been previously identified in CO3.0 chondrites such as ALHA77307 (Brearley 1993 ) and other chondritic meteorites that span petrologic types 1 through 3 (Jedwab 1967; Kerridge 1970; Kerridge et al. 1979; Nagahara 1984; Hyman et al. 1985) . It exhibits a range of morphologies including plaquettes, framboids, stacked platelets, spherules, and trapezohedral grains (e.g., Kerridge 1970; Hyman et al. 1985; Hua & Buseck 1998 ). Such morphologies likely reflect different formation histories, which are proposed to include condensation in the solar nebula (Nagahara 1984; Brearley 1993) , gas-solid reaction of pre-existing material (e.g., Fe metal or perovskite) in the solar nebula (Kerridge 1970; Kurat et al. 2002) , and aqueous-phase reactions on the asteroid parent bodies of meteorites (Kerridge et al. 1979; Choi et al. 1997; Krot et al. 1997; Hua & Buseck 1998; Bullock et al. 2005) . Our TEM work (Haenecour et al. 2014 (Haenecour et al. , 2015 shows that the matrix of LAP 031117 did experience limited and localized alteration. However, we find no evidence of hydration in this FIB section, such as the presence of sheet silicates or carbonates, which might otherwise suggest the possibility that secondary alteration on the parent body could have led to the formation of grain LAP-103. We infer, therefore, from the homogeneous composition and the lack of evidence for secondary alteration that the magnetite retained the structural and chemical properties it acquired during condensation in the CSE of its progenitor star. To our knowledge, this is the first definitive microstructural identification of presolar magnetite. Croat et al. (2008) identified a possible magnetite subgrain (∼30 nm) within a presolar graphite ultramicrotome sections, but its small size precluded isotopic analysis and, thus, verification of its presolar origin.
The isotopic compositions of presolar grains reflect the nucleosynthetic processes that occurred in their parent stars. Relative to other presolar oxide grains, LAP-103 plots within the Group-1 field as originally defined by Nittler (1997) . The O-isotopic trend of the Group 1 grains can be reproduced by nucleosynthetic models of low-mass (1 to ∼2-2.5 M e ) stars on the red giant or asymptotic giant-branch stage of stellar evolution undergoing first dredge-up episodes (Boothroyd et al. 1994; Huss et al. 1994; Wasserburg et al. 1995; Nittler 1997; Nittler et al. 2008; Boothroyd & Sackmann 1999 composition of a presolar grain can also be used to estimate the progenitor star's mass and initial metallicity. The O isotopic composition of LAP-103 suggests that it condensed from an RGB star undergoing first dredge-up whose initial mass was approximately 1.8-2.2 M e with a close to solar metallicity. Knowledge of the progenitor star's fundamental parameters can help place estimates on the conditions under which the magnetite could have formed. That the magnetite condensed in a close to solar-metallicity star and that we do not find any defects or non-stoichiometry in it, which would otherwise suggest that non-equilibrium played a role in its formation, we assume that equilibrium calculations, which model a condensing gas of solar composition, should be applicable. However, such calculations do not predict that magnetite will condense from the gas phase under canonical nebular conditions (Yoneda & Grossman 1995; Ebel & Grossman 2000; Lodders 2003; Ebel 2006) , as Fe in the gas phase prefers to condense into metal. However, Palme & Fegley (1990) performed calculations that suggest that if the oxygen partial pressure were increased by several orders of magnitude above canonical values, then Fe 3 O 4 could possibly condense in the early solar nebula. Although there may have been localized environments in the early solar nebula that could have provided such enhanced oxygen partial pressures, such conditions are not typically expected for the envelope around an AGB/RGB star of solar metallicity.
An alternative pathway for magnetite formation is the oxidation of pre-existing oxide or metal grains. Wüstite (Fe 0.947 O) can be oxidized to form magnetite via:
(1) 0.947 2 3 4 2
However, oxidation of wüstite to form magnetite is not expected under canonical water-to-hydrogen ratios (5.53 × 10 −4 to 1.26 × 10 −3 ; see Hong & Fegley 1998) , and hence oxygen fugacities, expected for a solar composition gas. Given that the O-isotopic composition of LAP-103 indicates that it formed in a CSE surrounding a close to solar-metallicity star and that the TEM data are consistent with a grain formed via equilibrium condensation, we rule out Reaction (1) as the pathway of formation. Instead, we consider magnetite is formed through reaction of previously condensed Fe metal with O in the gas via:
2 3 4 2 Figure 6 . STEM data and spectrum-image maps on LAP-103 and the area of the FIB section local to it. (a) HAADF-STEM image. (b)-(f) X-ray maps of elements as indicated. The red-dashed line traces the outline of the grain. The maps were produced via Kα X-ray emissions from all elements except Pt, for which the Mα emission was used to avoid overlap from spurious Cu Kβ X-rays emitted by the TEM support grid. The HAADF image shows the high-Z Pt fiducial marker, and the Pt map confirms its location and hence that of LAP-103.
Reaction (2) is independent of total pressure and only depends on the H 2 O/H 2 ratio to control the O partial pressure. Hong & Fegley (1998) studied Reaction (2) experimentally at H 2 O/H 2 ratios ranging from 2.44 × 10 −2 to 2.44 × 10 −1 , which are water-rich conditions relative to the estimated solar H 2 O/H 2 ratio (noted above). They showed that magnetite formation should occur between 357 and 384 K, depending upon the availability of O to form water vapor, which, in turn, depends upon the distribution of C between CO and CH 4 in the gas phase. We note that water vapor has been detected in the CSEs surrounding C-rich AGB stars with H 2 O/H 2 ratios as high as 9 (Melnick 2001) and M-type AGB stars may have H 2 O/H 2 ratios of greater than 1 (Cherchneff 2006; Maercker et al. 2008; Decin et al. 2010) . Given that the O-isotopic composition of LAP-103 indicates formation in the envelope of a close to solar-metallicity star, in which O and H are abundant, water vapor could have been a plausible oxidant of previously condensed Fe metal. We suggest that Reaction (2) was, therefore, the likely pathway by which the magnetite in LAP-103 formed and that it probably did so within a temperature range of approximately 350-400 K.
We can place constraints on the time it would take for Fe metal grains to completely oxidize to magnetite using the rate constants determined by Hong & Fegley (1998) for Reaction (2). We use their Equation (18) for the t 100 lifetime (timescale for complete oxidation) and assume that grain LAP-103 was initially spherical with a maximum diameter of 700 nm based on the average grain size as measured from our BF-STEM and HAADF images (Figures 4 and 5) . Using the rate constant determined for Reaction (2) from pure Fe powder, we calculate that complete oxidation could have required timescales ranging from approximately 9000-500,000 years for temperatures ranging from 400 to 350 K, respectively ( Table 1) . If we use the rate constant for Reaction (2) determined from metal filings of the Gibeon iron meteorite, the timescale for complete oxidation increases to approximately 325,000-19 Myr over the same temperature interval ( Table 1) . The rate constant for oxidation based on the metal filings of the Gibeon iron meteorite is significantly lower than that based on the pure Fe powder (leading to a shorter timescale for oxidation), which Hong & Fegley (1998) hypothesized was due to the former's content of minor elements, most notably Ni, Co, and P. We do not detect minor elements in grain LAP-103, at least down to the ∼0.1 at% detection limit of the Si(Li) EDS detector on the 2200FS TEM, and so infer that the rate constants determined from the pure Fe powder provide the more accurate constraint for the timescale of oxidation of grain LAP-103. Hong & Fegley (1998) noted that the calculated lifetimes for Fe alloy oxidation in the solar nebula might be considered lower limits because they were performed in relatively water-rich conditions. Thus, the magnetite formation rate would decrease under canonical nebular conditions with lower H 2 O/H 2 ratios. In the case of LAP-103, its O isotopic composition suggests that it formed in a close to solar metallicity star, and so by analogy, the calculated lifetimes for Fe oxidation in its host CSE might also be regarded as lower limits. However, we note that the estimate of metallicity is model dependent. If the progenitor star of LAP-103 had a metallicity greater than solar, which could be suggested by the Boothroyd et al. (1994) model, we might expect the H 2 O/H 2 ratio of its envelope to be higher because it will contain more abundant O. Thus, rates for Reaction (2) could have been higher than if the CSE of LAP-103 contained solar abundances of H and O. As we note above, water vapor has been detected in the CSEs of AGB stars with H 2 O/H 2 ratios as high as 9 (Melnick 2001) , and so it is conceivable that oxidation of an Fe alloy could proceed more rapidly than calculated ( Table 1) under such conditions assuming sufficiently high pressures and collision rates of H 2 O molecules and the metal surface. Nevertheless, to our knowledge, this is the first estimate of the kinetics of grain formation in the CSE of an RGB/AGB star from experimental data, and so it is reasonable to consider how the calculated grain-formation time compares with estimates for grain formation times in the CSEs of RGB/AGB stars.
AGB stars are the major dust producers in the galaxy, and so their dust-producing dynamics tend to be better investigated than those of RGB stars. For example, Ferrarotti & Gail (2006) modeled the composition and quantities of dust produced in the outflows of AGB stars. Their calculations show that the condensation of iron dust, through several thermal pulses, can span hundreds of thousands of years for stars with masses ranging from 1.0 M e to 2.0 M e and solar metallicity. Given the reaction pathway for magnetite formation and the reaction time we calculate for LAP-103, it is worth exploring whether a metal dust grain could reside within the CSE for that length of time reacting with available O to convert to it to an oxide.
Such a consideration requires knowledge of the rate at which the grain is moving, the trajectory of its transport, and the size of the CSE. The terminal wind velocity of most (86%) O-rich circumstellar envelopes ranges from 5 to 20 km s −1 (Loup et al. 1993; Sedylmayr & Dominik 1995) and the gas-loss rates are proportional to the dust-loss rates over the entire range of mass-loss (Knapp & Morris 1985; Sopka et al. 1985; Jura 1986; Sedylmayr & Dominik 1995) . The trajectory of grain transport is impossible to know, but we can make a simplifying assumption that it either travels normal to the surface from which it is ejected, carried along by dust-driven wind, or through some random pathway within the CSE. Using the terminal wind velocities of 5 and 20 km s −1 and the calculated reaction time for grain LAP-103, we estimate that such a grain could have potentially traveled between 1.40 × 10 12 and 3.0 × 10 14 km. Assuming that such transport occurred normal to the surface of the star and was uninterrupted, would such distances be within the range of the CSE in which oxidizing reactions could occur?
The size of the envelope will depend on the size of the star, its mass-loss, and its evolutionary state. For stars undergoing dredge-up episodes on the giant branch of stellar evolution, we expect that extensive envelopes will surround them. For example, the outer region of the spherically symmetric CSE of the O-rich AGB star IK Tauri is estimated to extend out to 20,000 stellar radii where it begins to intersect with the interstellar radiation field, a distance that is equivalent to (Decin et al. 2010) . This radial distance is outside of the 3.0 × 10 14 km distance we estimate as an upper limit for LAP-103 if it were traveling normal to the surface from which it was ejected. As we note above, H 2 O has been detected in the CSE of AGB stars (Melnick 2001; Cherchneff 2006; Maercker et al. 2008; Decin et al. 2010) , and it (and other molecular species), are expected in the outer envelope, but its abundance (and temperature) is predicted to decrease significantly with increasing radial distance (Willacy & Millar 1997; Decin et al. 2010) . Low temperature and partial pressure of oxygen would only increase the timescale for oxidation. Nonetheless, it is conceivable that such a grain traveling at velocities of 5-20 km s −1 over timescales ranging from thousands to several hundred thousand years normal to the surface of the star, could remain and oxidize within the CSE of a giant star. On the other hand, it seems unlikely that a grain would travel uninterrupted along some initial trajectory normal to the CSE. It is more likely that the path of grain LAP-103 was much more complex and could have spent considerable time in the inner or intermediate CSE where H 2 O would have been more abundant and provided the O needed to fully oxidize the Fe within the assemblage.
CONCLUSIONS
We report the first experimental confirmation of circumstellar magnetite identified within the matrix of the LAP 031117 CO3 chondrite. The O-isotopic data suggest the grain originated in a close to solar metallicity star with a mass approximately 2.2 M e that evolved along the RGB/AGB branch of stellar evolution. TEM data reveal that the magnetite consists of a single, stoichiometric Fe 3 O 4 crystal. We infer that the ∼700 nm diameter grain formed at low temperature (350-400 K) in the CSE of its progenitor star. The TEM data are consistent with an origin through oxidation of previously condensed Fe metal. This reaction has been studied experimentally (Hong & Fegley 1998) , and we use those results to place constraints on the kinetics of the proposed oxidation reaction within the circumstellar environment. Our calculations suggest that complete oxidation of previously condensed Fe metal dust to form the magnetite assemblage could have required timescales ranging from approximately 9000-500,000 years. Such timescales are within the lifetime of dust condensation for RGB/AGB stars undergoing dredge-up episodes.
